Abstract Inactivation of voltage-gated ion channels is an intrinsic auto-regulatory process necessary to govern the occurrence and shape of action potentials and establish firing patterns in excitable tissues. 
Introduction
Ion channels of excitable membranes employ self-regulatory mechanisms to tone down their activity whenever the activating stimuli (membrane potential change or increase in neurotransmitter concentration) are prolonged. Inactivation and desensitization are the terms typically associated with these mechanisms in voltage-gated and ligand-gated ion channels, respectively. This article reviews the inactivation mechanisms of voltage-gated cationic channels (VGCCs) typically expressed in neurons and muscle cells. Inactivation was first characterized by Hodgkin and Huxley in their classic studies of the Na + conductance in the squid giant axon (Hodgkin & Huxley, 1952; Aldrich, 2001) . Since then, biophysicists and physiologists have intently investigated C 0 is the resting state, C 1 -C n−1 represents a set of partially activated states, and C n is the opening-permissive state. In three hypothetical situations, VGCCs may inactivate either from the O state only (Scheme I, open-state inactivation, OSI), from the closed state C n only (Scheme II, closed-state inactivation, CSI) or from both open and closed states (Scheme III, OSI and CSI). I O and I n are open-inactivated and closed-inactivated states, respectively; and I 0 -I n−1 represents a set of closed-inactivated states directly associated with inactivation-permissive closed states. Transitions between C states are assumed to be strongly voltage dependent (f (V m ) indicates voltage-dependent transitions). Therefore, they involve conformational changes of the channel's voltage sensors. In specific kinetic models, n may range between 3 and 7 (text). VGCCs have four voltage sensors, which upon voltage-dependent activation move sequentially and independently in their tetrameric or pseudo-tetrameric assemblies. By contrast, the opening step and inactivation transitions may carry little or no voltage dependence. To open the pore, a single activation gate undergoes a concerted conformational change following activation of four voltage sensors and additional pre-open rearrangements. Whereas inactivation is tightly coupled to voltage-dependent activation in Schemes I and II, Scheme III assumes that activation and inactivation are independent or weakly coupled.
inactivation of VGCCs at the functional and structural levels, and have realized that there are multiple types of inactivation involving distinct and complex molecular mechanisms. Upon changes in membrane potential (e.g. a depolarization), VGCCs may essentially inactivate from pre-open closed-states (closed-state inactivation, CSI) or from the open state(s) (open-state inactivation, OSI). Most VGCCs use both CSI and OSI. However, some VGCCs undergo more inactivation from the open state and others undergo more inactivation from pre-open closed states. We refer to these distinct behaviours as preferential OSI and preferential CSI, respectively. In either case, recovery from inactivation usually occurs when the membrane potential is returned to its initial value (e.g. repolarized). Kv4 channels, a subclass of voltage-gated K + (Kv) channels, undergo unstable, seemingly vestigial, OSI but prominent and physiologically relevant CSI (Jerng et al. 2004) . OSI mechanisms are relatively well known at the biophysical and structural levels (reviewed by Rasmusson et al. 1998; Yellen, 1998; Aldrich, 2001 ; Kurata & Fedida, 2006) . By contrast, the molecular basis of CSI is not fully understood. CSI may involve mechanisms related to those invoked for OSI or novel mechanisms that need further investigation. Here, we review CSI in VGCCs, and discuss advances made in recent years towards understanding the mechanisms of CSI. Particularly, we entertain novel working hypotheses that may explain the molecular basis of CSI in Kv4 channels. We also discuss the general applicability of the proposed CSI mechanism and present a perspective of its structural and biological implications.
Pathways of inactivation gating in VGCCs
VGCCs may adopt four distinct conformational states: resting, partially activated, open and inactivated. The open state is conducting, whereas the resting, partially activated and inactivated states are non-conducting. In the partially activated states, the channels are still closed but eventually become opening-permissive. By contrast, in the inactivated states, the channels are either opening-reluctant despite being partially activated or the open conformation has become non-conducting. Thus, in the resting, partially activated and inactivated states ion flow is prevented by certain channel conformations, including physical occlusion of the ion-selective pore. However, the mechanisms that control channel closing and channel inactivation are thought to be structurally distinct and are, therefore, referred to as different 'gates' . A significant implication of this concept is that at least two separate gates may co-exist in VGCCs: the activation gate and at least one inactivation gate. Later, we will discuss important exceptions to this general concept.
Figure 1 depicts general kinetic gating schemes illustrating how the conformational states might be interconnected in VGCCs. C 0 is the resting conformation and C 1 -C n are the partially activated conformations, which develop sequentially before the channel reaches the open conformation O. C n is the opening-permissive conformation, and n may conventionally vary in more specific schemes between 3 and 7 (Vandenberg & Bezanilla, 1991; Ayer & Sigworth, 1997; Olcese et al. 1997; Burgess et al. 2002; Talavera & Nilius, 2006) . From this basic framework, two possible pathways of inactivation emerge: (1) VGCCs may inactivate in a strictly coupled manner only after they have fully activated and opened (i.e. OSI; Scheme I); and (2) VGCCs may inactivate from pre-open closed states (partially activated but still closed), which can be reached before the channels have opened or after they have closed (i.e. CSI; Schemes II and III). Thus, inactivation is strongly coupled to activation in Schemes I and II. Scheme III is a more general case in which resting, partially activated and open conformations are inactivation-permissive. Here, activation and inactivation may proceed independently, or inactivation transitions may become more likely as voltage-dependent activation progresses, implying an allosteric mechanism. An important general feature of the schemes in Fig. 1 is that the rate constants that control activation (transitions between C 0 and C n , and between I 0 and I n ) are strongly voltage dependent, whereas those controlling pore opening and inactivation carry little or no voltage dependence. The development of and recovery from inactivation may, however, exhibit an apparent voltage dependence if the inactivation pathways are coupled to voltage-dependent transitions in the activation pathway. Recovery from inactivation and the eventual return to the resting state (C 0 ) may occur upon repolarization via re-opening (if channels reside in an open-inactivated state) or electrically 'silent' , via a direct return to C n (if channels reside in a closed-inactivated state).
CSI in voltage-gated ion channels
OSI and CSI may overlap in a time-and/or voltagedependent manner, which confounds the separation of the two gating pathways and complicates the study of the underlying mechanisms. The decaying phase of the macroscopic current evoked by a step depolarization reflects inactivation of an ensemble of VGCCs. Thus, we observe macroscopic inactivation and can analyse its kinetic properties. However, the underlying state transitions cannot be defined by such a simple analysis. Let's assume a channel in which activation is fast and not rate limiting. If this channel only undergoes OSI, macroscopic inactivation reflects OSI kinetics. Alternatively, if the channel only undergoes CSI, macroscopic inactivation may reflect channel closure and subsequent CSI. Finally, if the channel undergoes both OSI and CSI, but shows preferential CSI, then macroscopic inactivation most likely reflects a complicated overlap of OSI, channel closure and CSI. In the light of these considerations and the lack of an acid test to unambiguously demonstrate CSI, researchers have typically inferred CSI by combining complementary electrophysiological approaches. Before discussing these investigations in greater detail for relevant examples of CSI more closely, we will outline typical electrophysiological approaches.
Voltage dependence of steady-state inactivation and kinetics of macroscopic inactivation. A variety of voltage pulse protocols in the voltage and time domains can test the impact of conditioning pulses on the availability of functional channels, and the kinetics of cumulative inactivation induced by repetitive brief pulses. In particular, conditioning prepulse protocols can ask whether substantial inactivation occurs at voltages that induce no perceptible channel opening, and whether the prepulse inactivation curve exhibits U-type features. The latter suggests preferential CSI because the prepulse inactivation curve displays deep inactivation at intermediate voltages and progressively less complete inactivation at more positive voltages. Notwithstanding, caution is necessary when interpreting the results from prepulse protocols because slow OSI can occur at a very low open probability. Separately, the voltage dependence of the observed time constant of macroscopic inactivation may also help infer preferential CSI.
The voltage dependence of gating charge movement.
Since CSI is electrically 'silent' , gating current measurements can yield more direct special information about the underlying mechanisms because they reflect the conformational changes of the voltage sensors before the channels open. A key criterion is the observation of apparent gating charge immobilization, which occurs when the relaxation of the gating current is very slow and, therefore, gating charge movement becomes imperceptible. This is an apparent loss of gating charge because voltage-dependent gating must obey the principle of charge conservation. At a more fundamental level, apparent gating charge immobilization is a necessary consequence of inactivation coupled to activation. Since activation promotes inactivation and vice versa, gating charge movement is favoured among closed-inactivated states. Therefore, if a modest depolarization induces CSI and the available gating charge quickly moves among closed-inactivated states, a subsequent stronger depolarization detects an apparent loss of gating charge (i.e. the gating charge appears immobilized).
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The stochastic properties of unitary currents. Single channel recordings (unitary currents) may provide the most conclusive electrophysiological evidence for CSI. One can investigate how the conditional probability of observing unitary activity depends on (1) the presence of unitary activity during a prepulse, and (2) the probability of observing the first opening a certain time after the onset of a voltage pulse.
Computer modelling of macroscopic and unitary currents.
To test specific pathways of CSI, analytical methods and numerical modelling compare the experimental outcomes of the approaches outlined above with the calculated predictions of specific kinetic schemes. Toward this goal, quantitative global kinetic modelling is particularly powerful. This highly constrained analysis evaluates model predictions quantitatively against data sets that simultaneously examine a broad range of voltages, time scales and activities of the channels (e.g. ionic and gating currents). Furthermore, maximum likelihood methods applied to single channel recordings are also exploited to rigorously compare plausible kinetic schemes of inactivation gating.
Specific published examples of the approaches summarized above will be discussed for individual types of VGCCs throughout the remainder of the review. Also, for certain VGCCs displaying CSI or preferential CSI, we overview the inferred molecular determinants and discuss conceptual and structural models of inactivation gating. Nav channels. Although the original studies by Hodgkin and Huxley suggested CSI in Nav channels (Hodgkin & Huxley, 1952) , convincing quantitative evidence for inactivation occurring from pre-open closed states came from investigating the Nav channel in the crayfish giant axon (Bean, 1981) . This study compared the current kinetics in response to a single activating pulse to the inactivation onset kinetics investigated with a prepulse protocol. The prepulse protocol essentially tested the impact of a low voltage conditioning step of variable duration on the availability of functional Nav channels activated by a constant depolarizing test pulse. Quantitative inspection of the data showed that it takes significantly longer for the currents to reach their peak than for prepulse inactivation to develop. Thus, inactivation may occur before the Nav channels open. Such a discrepancy between the probability of opening and the probability of inactivation, an indication of CSI, was directly examined in single Nav channel recordings from rat myotubes (Horn et al. 1981) . Essentially, these experiments showed a direct relationship between the magnitude of inactivation and the time it takes for the first opening to occur, suggesting that inactivation could happen before opening. Further quantitative testing of multiple kinetic schemes by maximum likelihood methods confirmed the plausibility of CSI (Horn & Vandenberg, 1984) . A study by Aldrich & Stevens (1983) then established the occurrence of CSI in single neuroblastoma Nav channels by showing substantially reduced open probability when the activating voltage pulse occurs after a conditioning prepulse that elicits no unitary activity. Later studies also demonstrated that the recovery of Nav channels from inactivation at hyperpolarized potentials starts with a delay and is nearly electrically silent (Kuo & Bean, 1994) , suggesting that channels do not instantaneously begin to recover from inactivation by re-opening. Moreover, the recovery kinetics were strongly voltage dependent and exhibited saturation at extremely hyperpolarized membrane potentials, consistent with an allosteric mechanism in which recovery from inactivation involves pre-open closed states. Overall, these results showed that Nav channels actually deactivate before they recover from inactivation (Kuo & Bean, 1994) . Altogether, these experimental results have been explained qualitatively and quantitatively by assuming significant CSI in combination with prominent OSI in Nav channels (Bean, 1981; Aldrich & Stevens, 1983; Horn & Vandenberg, 1984; Patlak, 1991; Kuo & Bean, 1994; Armstrong, 2006) .
A combination of electrophysiological and modelling approaches has provided a structural framework for Nav channel CSI (Patlak, 1991; Armstrong, 2006) . Nav channels are formed by a single polypeptide chain with four similar repeats of a six transmembrane segment motif (domain I-IV). Nav channel inactivation is mediated by a short segment of the channel polypeptide located between domains III and IV, which takes the form of a 'hinged lid' (Vassilev et al. 1988; West et al. 1992; Kellenberger et al. 1997a,b; Catterall, 2000) . This inactivation particle requires voltage sensor movement to gain access to its binding site ( Fig. 2A) . Upon strong depolarization all Nav channel voltage sensors move outwardly, the activation gate opens and the inactivation particle plugs the pore (OSI). However, the four voltage sensors in Nav channels are not equally important in this respect (Patlak, 1991; Horn et al. 2000; Armstrong, 2006) : if only the voltage sensors in domains III and IV move, the channel does not open, but this movement is thought to be sufficient to allow access of the inactivation particle to its binding site, resulting in CSI ( Fig. 2A) .
Cav channels
Cav channels also undergo CSI. However, despite the close topological relationship between Nav and Cav channels, CSI in the latter case exhibits specialized features. N-type (neuronal, Cav2.2) and R-type (dihydropyridine and toxin-resistant, Cav2.3) Cav channels display fairly rapid cumulative inactivation in response to repeated action potential-like pulsing, whereas a single extended voltage pulse induces a much slower onset of inactivation (Patil et al. 1998) . Upon repeated brief stimulation, these Cav channels visit the open state less frequently, but run more often through pre-open (partially activated) closed states, from which they prefer to inactivate (preferential CSI). As a hallmark of preferential CSI, voltage-dependent inactivation of N-and R-type Cav channels exhibits the 'U-type' profile (Jones & Marks, 1989; Patil et al. 1998 ; also termed 'J-type'). Accordingly, inactivation curves show a minimum at certain voltages, indicating that the rate of onset of inactivation is fastest and steady-state inactivation most pronounced at intermediate voltages.
Stronger depolarizations, which favour channel opening, do not promote fast voltage-dependent inactivation of N-and R-type Cav channels. These features are not typically observed in Nav channels, which undergo a combination of CSI and prominent OSI. Preferential CSI of Cav channels is not dependent on a conducting open state because it is not influenced by the use of Ba 2+ instead of Ca 2+ as charge carrier, and is insensitive to internal perfusion with a Ca 2+ chelator (Jones & Marks, 1989; Patil et al. 1998) . Further support for the idea that Cav channel preferential CSI is solely coupled to voltage-dependent conformational changes and not to channel opening came from gating current measurements. Namely, Cav channel preferential CSI is fastest at a membrane potential where only one-third of the gating charge has moved (Jones et al. 1999) .
Evidence for CSI in L-type and T-type Ca 2+ channels (Cav1.x and Cav3.x, respectively) also emerged from the analysis of ionic and gating currents, and computer modelling (Shirokov et al. 1998; Burgess et al. 2002; . Resembling the behaviour of Nav and Kv channels (Bezanilla et al. 1982; Ruben et al. 1992; Fedida et al. 1996; Olcese et al. 1997; Dougherty et al. 2008) , Cav1.2 channels exhibit slow gating charge immobilization indicating that the gating charge may move distinctly among partially activated closed states and among closed-inactivated states (e.g. Scheme III, Fig. 1 ). We will later discuss this general phenomenon further in the context of 'voltage sensor inactivation' (see Perspective on CSI mechanisms and the biological implications). More recently, an elegant straightforward combination of analytical expressions and electrophysiological measurements demonstrated Ca 2+ -dependent CSI in Cav1.3 channels . Separately, an allosteric scheme of CSI has also provided an economical way to numerically model the complex kinetic and voltage-dependent properties of Cav3.2 channels (Burgess et al. 2002; Talavera & Nilius, 2006) .
The structural determinants of the fast and voltage-dependent Cav channel inactivation including CSI differ from the ones identified for Nav channels. In Cav channels, the linker region between domains I and II and the S6 region in domain III play crucial roles in inactivation (Herlitze et al. 1997; Stotz et al. 2000; Talavera & Nilius, 2002) . Despite structural differences, Cav channel CSI may in part be governed by mechanisms similar to those of Nav channels, but more work is necessary to establish this relationship (Talavera & Nilius, 2002; .
Figure 2. Cartoon representations of plausible mechanisms of inactivation gating in Nav channels (A) and spHCN channels (B)
Two opposing subunits (or pseudosubunits in Nav channels) of a fourfold symmetric channel are shown. Each subunit includes a voltage sensing domain (coloured) and a pore domain (grey). In the open conformation, ions are explicitly represented in the permeation pathway. As explained in Fig. 1 , the activation steps are voltage dependent. Assuming a mechanical analogy, the voltage sensors and activation gate are shown 'engaged' in all conformations in the Nav channel. Inactivation of this channel occurs when an intracellular inactivation gate ('hinged lid') occludes the pore before or after opening of the activation gate. Note that the outward movement of the voltage sensor is necessary to allow interaction of the inactivation gate with its receptor site in the pore domain. By contrast, inactivation of spHCN channels may occur when the voltage sensors and activation gates 'disengage'. Thus, the partially activated inactivation-permissive state may undergo inactivation, and 'reclosure' may cause inactivation from the open state.
J Physiol 589.3 HCN channels. CSI has also been demonstrated for the hyperpolarization-activated and cyclic nucleotide-regulated channel of the sea urchin (spHCN; Shin et al. 2004) . HCN channels are formed by the assembly of four α-subunits, each with six transmembrane segments very similar to those of Kv channels. However, HCN channels are non-selective cationic channels and their voltage dependence is reversed. Since cAMP binding prevents inactivation of spHCN channels a different experimental approach was used to demonstrate CSI. In an elegant series of experiments, Shin and coworkers showed that the access of the specific open-channel blocker ZD7288 was prevented in the absence of cAMP. In particular, with repeated hyperpolarizing voltage pulses (channel activation), the irreversible blockade of wild-type spHCN channels by ZD7288 developed much slower in the absence of cAMP (i.e. when inactivation occurs), and reversible blockade of a specific channel mutant was relieved only in the presence of cAMP (i.e. when inactivation does not occur). Thus, spHCN channel inactivation not only prevented access of an open-channel blocker, but also supported the trapping of this agent. Conversely, Shin et al. also showed that keeping spHCN channels in a 'locked-open' state, by a Cd 2+ bridge between two engineered cysteines, prevented inactivation completely, and cAMP no longer influenced gating in these channels (Shin et al. 2004) . These results strongly support the occurrence of CSI in spHCN channels. Furthermore, this study indicates that spHCN channel CSI does not arise from a separate specialized inactivation gate. Rather, it is the main activation gate, which, by having a dual role, is also responsible for CSI.
Shin and coworkers have proposed a conceptual model of CSI in cAMP-regulated spHCN channels (Shin et al. 2004) . According to this model, 'slippage' between the voltage sensors and the channel activation gate causes inactivation by 're-closure' of the same gate (Fig. 2B) . If the 'slippage' occurs after voltage sensor movement but before pore opening, the activation gate remains shut, and the open-state can never be reached. This mechanism of CSI is likely to occur in Kv4 channels (see below, Inactivation of Kv4 channels), and may represent the basis of a more general mechanism of inactivation in VGCCs (see below, Perspective on CSI mechanisms and the biological implications).
Kv and BK channels. The prepulse inactivation curves of Kv2.1 (Klemic et al. 1998 ) and Kv3.1 channels (Klemic et al. 2001 ) exhibit a U-type profile, and the channels undergo strong cumulative inactivation with repeated brief voltage pulses. These features are consistent with preferential CSI occurring during voltage-dependent activation and deactivation, and closely resemble Cav channel behaviour. These typical inactivation properties become even more prominent when Kv2.1 channels form heteromers with otherwise 'silent' α-subunits of the Kv5, Kv6, Kv8 or Kv9 subfamily (Salinas et al. 1997; Kramer et al. 1998; Kerschensteiner & Stocker, 1999; Kerschensteiner et al. 2003) . Moreover, U-type features of prepulse inactivation have also been observed for N-terminally truncated Shaker channels (Sh ; Klemic et al. 2001 ) and a naturally occurring Kv1.5 N-terminal deletion mutant (Kv1.5 N209; Kurata et al. 2001) . Originally, Aldrich (1981) demonstrated cumulative inactivation possibly involving pre-open closed states in delayed-rectifier Kv channels from molluscan neurons. He showed that, after a voltage pulse, the maximum current evoked by a second pulse was less than the current at the end of the first pulse, indicating that inactivation must have occurred during the interpulse interval at a negative voltage. Separately, computer modelling of non-Shaker A-type K + currents in neurons from Drosophila (Solc & Aldrich, 1990 ) and of the transient outward current (I to ) in ferret ventricular myocytes (Campbell et al. 1993) suggested that inactivation coupled to partially activated states in the channel's activation pathway is necessary to explain the observed gating kinetics. Importantly, prepulse inactivation of the ferret I to occurs at voltages where no opening was detectable (Campbell et al. 1993 ). Kv4 channels, which also undergo preferential CSI, contribute to the I to (Dixon et al. 1996) . However, Kv4 channels are different in this respect because they show preferential CSI at all relevant voltages, meaning that, even in response to strong depolarizations that induce considerable channel opening, Kv4 channels end up in pre-open closed-inactivated states (Bähring et al. 2001a ). This may also explain why U-type features are not so obvious in Kv4 channels (but see Barghaan & Bähring, 2009 ). The absence of tail currents following a strong depolarization long enough to inactivate all channels suggests preferential CSI at all relevant voltages in Kv4 channels (Bähring et al. 2001a) . Thus, contrary to a prediction of Scheme I ( Fig. 1 ; inactivation strictly coupled to channel opening) and in marked contrast to Shaker Kv channels (Demo & Yellen, 1991; Ruppersberg et al. 1991 ), Kv4 channels do not re-open during recovery from inactivation. Furthermore, Kv4 channel recovery kinetics are identical, no matter if this recovery follows strong (with channel opening) or moderate depolarizations (without channel opening). This observation also strongly suggests preferential CSI at positive voltages. In addition, recovery from inactivation is likely to involve voltage-dependent pre-open closed-state transitions because the recovery kinetics exhibit steep voltage dependence (Bähring et al. 2001a; Dougherty et al. 2008) . Intriguingly, isochronal Kv4 channel inactivation curves show different midpoint voltages and different slope factors depending on the prepulse length: shorter prepulses yield more positive midpoint voltages and shallower curves; longer prepulses yield more negative midpoint voltages and steeper curves. These results support the notion that Kv4 channels may transiently visit open-inactivated states, but with longer depolarizing prepulses they end-up in closed-inactivated states (Wang et al. 2005) .
Big conductance voltage-and Ca 2+ -dependent potassium channels (BK or KvCa channels) are closely related to Kv channel proteins, but have seven instead of six transmembrane segments with an extracellular N-terminus. In addition, Ca 2+ binding promotes activation of BK channels by shifting the voltage-dependent activation curve toward more negative voltages (Cui et al. 2009 ). BK channels in chromaffin cells and recombinant BK channels co-expressed with their β2 subunits also exhibit inactivation prior to opening (Ding & Lingle, 2002) . At the single-channel level, Ding and Lingle showed that conditioning prepulses without opening events may cause inactivation (i.e. a reduced open probability in response to a test pulse). Thus, channel opening is not required for inactivation of BK channels. Also, BK channel CSI is indirectly dependent on the concentration of cytosolic Ca 2+ : at low concentrations, where voltage-dependent activation proceeds slower, inactivation from pre-open closed states is more likely (Ding & Lingle, 2002) .
Most structure-function studies of Kv channel inactivation have focused on the archetypical Shaker channel and its relatives, and various key structural determinants have been identified. Shaker Kv channel inactivation involves occlusion of the open pore by the cytoplasmic N-terminal region of the channel ). This mechanism was termed 'N-type inactivation' to describe the involvement of the N-terminal inactivation domain (NT-ID; Hoshi et al. 1990; Zagotta et al. 1990) . Shaker Kv channels also exhibit a distinct and typically slower form of inactivation, which is influenced by alternative splicing within the C-terminal region of the channel protein (Hoshi et al. 1991) , and was therefore termed 'C-type inactivation' (Choi et al. 1991; Hoshi et al. 1991) . The pore region and the selectivity filter itself are most significantly involved in this form of inactivation, which has led to the frequent adoption of the term 'P/C-type inactivation' (Pardo et al. 1992; De Biasi et al. 1993; Lopez-Barneo et al. 1993; Kurata & Fedida, 2006 ; see also Fig. 6A ). P/C-type inactivation results from a concerted conformational change at the selectivity filter (Ogielska et al. 1995; Panyi et al. 1995; Liu et al. 1996; Kiss & Korn, 1998; Yellen, 1998; Zhou et al. 2001b; Kurata & Fedida, 2006; Ahern et al. 2009) , and electrostatic interactions involving H-bonds between the pore helix and the selectivity filter underlie this conformational change (Cordero-Morales et al. 2006 .
The N-and P/C-type inactivation mechanisms are canonically considered OSI mechanisms. To explain CSI in Kv channels, Zhou et al. (2001a) suggested that the NT-ID may reside in a 'pre-inactivated' conformation when bound to a site outside the pore of closed channels. Then, the actual inactivation step may, in some Kv channels and/or under certain conditions (Murrell-Lagnado & Aldrich, 1993a,b) , be so rapid that the channel is unable to conduct when the activation gate opens (Zhou et al. 2001a) . We may consider this phenomenon 'apparent' CSI, which we must clearly distinguish from 'real' CSI. The latter occurs from pre-open partially activated closed states in the voltage-dependent activation pathway (Fig. 1) . Apparent CSI is unlikely to underlie the U-type features observed in many Kv channels, because this inactivation phenotype is actually favoured by N-terminal deletions (Klemic et al. 2001; Kurata et al. 2002) . Fast P/C-type inactivation as the mechanism underlying the U-type phenomenon in certain Kv channels also seems unlikely because, contrary to a key prediction of the P/C-type mechanism, elevated external K + concentrations actually accelerate CSI in these Kv channels (Klemic et al. 1998 (Klemic et al. , 2001 Kurata et al. 2002 Kurata et al. , 2005 . These findings support the notion that OSI and CSI in some Kv channels are mediated by distinct mechanisms and that the development of CSI models and identification of the structures involved requires novel concepts.
Enhanced CSI has been observed in N-terminally truncated and L382I point-mutated ShakerB channels (Ayer & Sigworth, 1997) . These channels exhibit a positive shift in the voltage dependence of activation of ∼45 mV with only a 9 mV shift in the voltage dependence of steady-state inactivation relative to wild-type. Interestingly, the L382I mutation lies at the S4 end of the S4S5 linker, and mutations in this region had been previously reported to critically influence Shaker channel inactivation (Isacoff et al. 1991) . Moreover, the S4S5 linker is critically involved in the coupling of the voltage sensor to the S6 gate in Kv channels Yifrach & MacKinnon, 2002; Long et al. 2005) . Mutations in the S6 PVP motif of silent α-subunits are also critical for their favourable effects on CSI and U-type features in heteromeric Kv2.1 channels (see above; Kerschensteiner et al. 2003) . We will further discuss the roles of the voltage sensor, the S4S5 linker and the S6 gate in the context of Kv4 channel CSI in the next two sections.
Inactivation of Kv4 channels
The Kv4 subfamily of Kv channels is related to the Shal gene of Drosophila and has three members: Kv4.1, Kv4.2 and Kv4.3, with a short and a long Kv4.3 splice variant (Baldwin et al. 1991; Pak et al. 1991; Serodio et al. 1994; Serodio et al. 1996) . Kv4 channels have attracted significant attention in cardiovascular physiology and neuroscience because they represent the molecular substrate of both the J Physiol 589.3 I to in cardiac myocytes and the subthreshold-operating somatodendritic A-type K + current (I SA ) in the brain (see Jerng et al. 2004; Patel & Campbell, 2005 for review and see below, Perspective on CSI mechanisms and the biological implications). In contrast to the phenotypic diversity of Kv1 and Kv3 channels, Kv4 channels generate rapidly inactivating A-type K + currents across the animal kingdom. As we will see, Kv4 channel CSI is prominent among other mechanisms of inactivation that may exist in vestigial forms.
Initial studies of recombinant Kv4 channels showed that a sum of three exponential terms is necessary to adequately describe macroscopic current decay (Baldwin et al. 1991; Jerng & Covarrubias, 1997; Beck & Covarrubias, 2001; Bähring et al. 2001a) . Such complex inactivation kinetics may reflect two or more independent inactivation mechanisms overlapping in time, eventually leading to a steady-state distribution of channels among different inactivated states. Alternatively, multiple gating transitions may lead to a single inactivated state. Supporting the latter, the kinetics of recovery from inactivation in Kv4 channels are, despite the multi-exponential onset kinetics, adequately described in general by a single-exponential function (Baldwin et al. 1991; Jerng & Covarrubias, 1997; Bähring et al. 2001a; Dougherty et al. 2008) . Moreover, there is strong collective evidence indicating that this final state is closed-inactivated (see above, CSI in voltage-gated ion channels). Irrespective of the depolarization magnitude, Kv4 channels end up in a closed-inactivated state at steady-state; thus, they are ideally suited to study CSI mechanisms. To review our current understanding of Kv4 channel inactivation, the remainder of this section will entertain two central questions:
(1) what are the relative contributions of OSI and CSI to the multiphasic current decay? and (2) what are the structural determinants of CSI?
Classical OSI mechanisms in Kv4 channels. To investigate the structure-function relationship of Kv4 channel inactivation, researchers examined the contribution of N-and P/C-type inactivation mechanisms. It became clear early on that classical N-type inactivation, as described for Shaker Kv channels, plays a minor role in Kv4 channel inactivation. Although N-terminal deletions cause modest slowing of Kv4 current decay, the transient A-type character of the current is not abolished (Baldwin et al. 1991; Pak et al. 1991; Jerng & Covarrubias, 1997; Bähring et al. 2001a; Pourrier et al. 2004; Barghaan et al. 2008; Kaulin et al. 2008) , as in the case of Shaker Kv channels ). Nevertheless, the Kv4 N-terminus confers functional features consistent with N-type inactivation (Gebauer et al. 2004; Pourrier et al. 2004) , and Kv4 channels appear to possess a typical NT-ID receptor site because current decay of N-terminally truncated Kv4 cannels is influenced not only by Kv4 N-terminal peptide but also by the ShakerB NT-ID peptide (Gebauer et al. 2004) . Despite these features, N-type inactivation may not underlie the final inactivated state in Kv4 channels because their voltage-dependent recovery from inactivation is not affected by N-terminal deletions (Bähring et al. 2001a; Barghaan et al. 2008) . Moreover, N-type inactivation is virtually eliminated in native Kv4 channels by integral association with Kv channel-interacting proteins (KChIPs). These accessory β-subunits sequester the proximal NT-ID of Kv4 channels Bähring et al. 2001b; Kim et al. 2004a,b; Scannevin et al. 2004; Zhou et al. 2004; Callsen et al. 2005; Pioletti et al. 2006; Wang et al. 2007) . Surprisingly, however, another type of Kv4-specific β-subunit (DPP10a, a dipeptidyl aminopeptidase-like protein) confers robust N-type OSI to certain Kv4 channel complexes under physiological conditions (Jerng et al. 2009 ).
Although proceeding slowly in most other channels, a fast form of P/C-type inactivation involving the selectivity filter of Kv4 channels may contribute to macroscopic Kv4 channel inactivation. Kv4.3 currents decay more quickly upon complete removal of external K + (Eghbali et al. 2002) . Similar to the K + conductance of the squid giant axon (Almers & Armstrong, 1980 ), Kv4 channels seemingly lose their functionality in response to K + deprivation. A distortion of the selectivity filter, possibly related to classical P/C-type inactivation, is thought to be responsible for this loss of function. However, external TEA, which interacts with the external mouth of the selectivity filter, has no effect on Kv4 channel inactivation (Jerng & Covarrubias, 1997) ; and elevated external K + concentrations actually accelerate inactivation without significantly affecting recovery from inactivation of both recombinant Kv4 channels and native I SA (Jerng & Covarrubias, 1997; Kirichok et al. 1998; Bähring et al. 2001a; Shahidullah & Covarrubias, 2003; Kaulin et al. 2008) . Conversely, both external TEA and elevated external K + concentrations prevent P/C-type inactivation; and elevated external K + accelerates recovery from inactivation in Shaker Kv channels (Choi et al. 1991; Lopez-Barneo et al. 1993; Levy & Deutsch, 1996) . Moreover, Kv4 channel recovery from inactivation is complete within tens to hundreds of milliseconds, especially in the presence of accessory β-subunits, whereas recovery of ShakerB and Kv1 channels from P/C-type inactivation usually takes tens of seconds. It is also noteworthy that the T449V mutation eliminates P/C-type inactivation in the ShakerB channel (Lopez-Barneo et al. 1993 ), but valine already occupies the equivalent position in all Kv4 channels. Thus, except for the drastic effects of a complete removal of external K + , there is no evidence supporting P/C-type inactivation as a major player in Kv4 channel inactivation under physiological conditions.
The contributions of N-and P/C-type mechanisms to Kv4 channel inactivation can be summarized as follows: both mechanisms may exist in vestigial forms. The interaction between the NT-ID and its receptor site in the pore is thought to be much weaker in Kv4 channels than in ShakerB and Kv1 channels. This view is supported by mutational analyses of the respective domains in the Kv4.2 channel (Gebauer et al. 2004) and the inactivation-removed Shaker-related channel Kv1.4IR in combination with its inactivation-conferring Kvβ1-subunit (Zhou et al. 2001a) . The results of these two studies demonstrate the involvement of N-terminal residues and pore-lining S6 residues in both channel types. However, much larger thermodynamic coupling coefficients in double-mutant cycle analysis were obtained for Kv1.4IR/Kvβ1 than for Kv4.2 channels. The weaker thermodynamic coupling reflects the vestigial role of OSI mediated by an NT-ID in the Kv4.2 channel. Vestigial P/C-type inactivation may also occur in Kv4 channels. For instance, under physiological ionic conditions and in the presence of auxiliary β-subunits, the selectivity filter of the Kv4.3 channel may enter the P/C-type inactivated state quickly but may never adopt a stable non-conducting conformation. However, this rapid and unstable rearrangement is sufficient to reduce the open probability of Kv4.3 channels. Consistent with this idea, when vestigial P/C-type inactivation is eliminated by exposing the channels to elevated external K + , the maximum open probability increases substantially and, furthermore, channels can now only leave the open state by closing . Increasing the effective closing rate also increases the probability of populating the pre-open inactivation-permissive closed state (C n , Fig. 1 ). Thus, inactivation appears accelerated.
Preferential CSI at all relevant voltages in Kv4 channels.
The relative contributions of OSI and CSI to Kv4 channel gating have been incorporated in kinetic models similar to Scheme III in Fig. 1 (see also Beck & Covarrubias, 2001; Bähring et al. 2001a; Barghaan et al. 2008; Kaulin et al. 2008) . These specific models have two important features: (1) voltage-independent inactivation coupled to voltage-dependent activation; and (2) the opening transition is weakly voltage dependent. Coupling implies that, upon voltage-dependent activation, inactivation occurs preferentially from partially activated closed states that precede the open state. The underlying mechanism may, thus, involve long-range allosteric interactions between the voltage-sensing and pore domains, which gradually influence the probability of entering inactivated states as the homologous subunits of the channel tetramer activate sequentially ; Fig. 1 ). To explain preferential CSI, the weak voltage dependence of the opening step is a key feature of the model. A weak depolarization favours closing, deactivation and CSI from intermediate and late closed states. In contrast, a strong depolarization increases the opening probability and decreases the CSI probability. Consequently, the time constant of macroscopic inactivation appears faster at low voltages and slower at high voltages. In the latter case, OSI is expected to be more likely. However, since N-type and/or P/C-type OSI mechanisms are not significant (see above), Kv4 channels end-up in the most stable and possibly absorbing closed-inactivated states after sufficient time regardless of the depolarization's strength (due to preferential CSI). These properties are enhanced by auxiliary β-subunits (KChIPs and DPPs) and have been observed and successfully modelled quantitatively for Kv4.2 and Kv4.3 channels expressed natively and heterologously (Amarillo et al. 2008; Barghaan et al. 2008; Dougherty et al. 2008; Kaulin et al. 2008) . Early kinetic models of Kv4 channel CSI assumed an opening step with a slow forward transition and a fast backward transition over a certain voltage range ('reverse-biased' opening step; Jerng et al. 1999; Beck & Covarrubias, 2001; Bähring et al. 2001a; Beck et al. 2002; Barghaan et al. 2008) . This assumption accounted for the apparently low maximum open probability of Kv4 channels. However, if fast and unstable OSI involving vestigial P/C-type inactivation is mostly responsible for lowering the maximum open probability of Kv4 channels, the 'reverse-biased' opening step assumption is unnecessary .
The closing step plays a critical role in Kv4 channel inactivation at positive membrane potentials. If channel closing is prevented or significantly slowed, any OSI mechanism would be favoured as a direct result of an increased open probability and, consequently, current decay would be accelerated. However, this is not the case in Kv4 channels, because, instead of a prominent OSI, they display preferential CSI. This has been shown by testing different permeant cations. Replacing K + with Rb + , which has a longer residency time in the pore, not only slows Kv4 deactivation tail currents but also macroscopic inactivation (Bähring et al. 2001a; Shahidullah & Covarrubias, 2003; Barghaan et al. 2008) . Also, point mutations, which cause a slowing of tail current decay, at the same time slow macroscopic inactivation in Kv4 channels (Jerng et al. 1999) . Theoretically, at high voltages Kv4 channels could also reach a closed-inactivated state through a direct transition from I O to I n , with no need for reopening (I O to O) and a subsequent transition to C n (Fig. 1, Scheme III) . However, gating models emphasizing such a direct transition are not capable of reproducing the experimentally observed Rb + effect on macroscopic inactivation (Wang et al. 2005; Barghaan et al. 2008) . Taken together, to explain the effect of Rb inactivated state. We will see below that a strict distinction between 'closing' and 'inactivation' , as generally understood for VGCCs, may not be entirely appropriate for Kv4 channels.
Insights into the molecular mechanism of Kv4 channel CSI. Although the data collectively support transitions from closed to closed-inactivated states in Kv4 channels, the main question still is: how do closed Kv4 channels become opening-reluctant? A conceptual model, originally proposed for spHCN channels (see CSI in voltage-gated ion channels, and Fig. 2B ), assumes that CSI may result from a temporary separation of the voltage sensor and the activation gate (Shin et al. 2004) . Barghaan & Bähring (2009) tested this hypothesis by applying scanning mutagenesis and double-mutant cycle analysis to the Kv4.2 S4S5 linker and the distal S6 region (Fig. 3) . The strategy was based on previous Shaker/KcsA mutagenesis and Kv1.2 crystal structure data (Long et al. 2005) indicating that these two regions are critically involved in voltage sensor-activation gate coupling. Furthermore, double-mutant cycle analysis has previously identified pairs of amino acids within these two domains, which, by direct coupling, mediate the voltage-dependent opening of the activation gate in the ShakerB channel (Yifrach & MacKinnon, 2002) . In corresponding Kv4.2 single and double mutants, these sites were tested for their involvement in CSI by applying prepulse inactivation protocols. In some double mutants, the effects on CSI resulted from the independent additive energetic effects of the individual mutations. In others, however, amino acid exchange at one site influenced the mutational effect at the second site. The latter results suggest that the respective native amino acid side chains may come in close spatial proximity and interact with each other (Fig. 3A and B) . Thus, pairs of amino acids, one in the S4S5 linker and the other in the distal S6, not only interact with each other to open the activation gate, but are dynamic interaction partners in CSI (Barghaan & Bähring, 2009 ). Structural homology modelling based on the Kv1.2 crystal structure (Long et al. 2005 ; Fig. 3C ) and selective redox modulation of Kv4.2 mutants with substituted cysteine residues at the identified sites (e.g. E323C:V404C) supported this hypothesis further (Barghaan & Bähring, 2009) .
The model discussed above predicts an important role of the voltage sensor in Kv4 channel CSI. To test this prediction, another study directly examined the relationship between CSI and gating charge movement in Kv4.2 channels . Under conditions that induce CSI at negative membrane potentials (between −100 and −70 mV), the biophysical properties of ionic and gating currents were measured separately. In addition, ionic and gating currents were measured simultaneously by manipulating the Cs + reversal potential (Fig. 4A) . The study by Dougherty et al. demonstrated slow and profound gating charge (Q)-immobilization. This phenomenon was originally characterized for Nav channel inactivation (Bezanilla & Armstrong, 1975; Armstrong & Bezanilla, 1977) and refers to a condition where there is an apparent loss of Q. Essentially, Q movements are dramatically slowed as a result of actively hindering the return of the voltage sensor to its resting conformation, or allowing the voltage sensor to slowly adopt a distinct and more stable conformation. In Kv channels, Q-immobilization has been observed for both N-type Perozo et al. 1992; Roux et al. 1998) and P/C-type inactivation (Fedida et al. 1996; Olcese et al. 1997) . However, the slow Q-immobilization in Kv4.2 channels is independent of the NT-ID associated with OSI and occurs over a narrow range of negative membrane potentials (−110 and −75 mV; Dougherty et al. 2008) . Consistent with CSI, membrane potential changes in this range move ∼10% of the gating charge associated with gate opening. Also, the gating charge experiences two distinct energy landscapes depending on whether it is associated with the activation or inactivation pathways of the channel (Fig. 1 , Scheme III). Most significantly, simultaneous observations of slow Q-immobilization and ionic current decay show that these processes are equivalent manifestations of CSI (Fig. 4B) . The authors explained the observed tight correlation between ionic current inactivation and Q-immobilization quantitatively by employing a global kinetic modelling approach, based on a general allosteric scheme of CSI coupled to voltage-dependent activation . These findings suggest that the voltage sensor is involved in the mechanism of CSI, and help explain why CSI is influenced by neutralizing positive charges (Skerritt & Campbell, 2007 or introducing non-native positive charges (Skerritt & Campbell, 2008) in the Kv4.3 S4 segment. A second implication is that the Kv4.2 voltage sensor undergoes two types of movement with distinct consequences (Fig. 5) : fast rearrangements tightly coupled to the opening of the activation gate, and additional rearrangements responsible for an apparent loss of gating charge. The latter may occur independently of pore opening as the channel slowly transitions from a set of partially activated (closed but opening-permissive) states to a set of closed-inactivated states (Fig. 1, Scheme III;  Fig. 4C ). Thus, a closed-inactivated state may correspond to the failure of the voltage sensors to actively open the activation gate. One must bear in mind, however, that, independently of the molecular mechanism of inactivation, the apparent loss of gating charge is bound to occur when inactivation and activation are coupled: as dictated by the thermodynamic constraints of an allosteric system, activation favours inactivation, and inactivation favours fast gating charge movement. Consequently, once the channel undergoes CSI, a test depolarization reports a decrease in the available gating charge.
In a plausible physical model of CSI (Barghaan & Bähring, 2009) , the S4S5 linker residues may fail to engage tightly with their S6 counterparts ( Figs 3C and 5) . Consequently, the voltage sensor freely moves, physically uncoupled from the closed activation gate. CSI in Kv4 channels may resemble desensitization in ligand-gated ion channels, where the transmitter remains bound but the ion channel is closed. Functional and crystallographic studies of glutamate receptor channels (Sun et al. 2002) showed that the dimeric ligand binding cores in their bound state initially adopt a tense conformation, which allows channel opening. Eventually, however, the binding cores adopt a relaxed conformation, which leads to channel closure. Glutamate receptor desensitization then results from rearrangements at the dimer interface. Such a mechanism is conceptually comparable to the proposed uncoupling between the S4S5 linker and distal S6 in Kv4 channels (Fig. 5) . Thus, CSI may be described by 'voltage sensor inactivation' with the activation gate being 'desensitized' to voltage in the closed-inactivated state (Shin et al. 2004) . In the next section, we shall discuss a working hypothesis that attempts to explain how the voltage sensor might be generally implicated in slow inactivation processes in Kv channels (i.e. CSI and P/C-type inactivation) at a more fundamental level.
Perspective on CSI mechanisms and the biological implications
CSI is a common and physiologically relevant phenomenon in VGCCs. In particular, Kv4 channels may have evolved to undergo preferential CSI by exploiting variations in the cross-talk between the voltage-sensing domain (VSD) and the pore domain (PD). Two recent studies underscore the roles of the pore and voltage sensor in CSI and offer a preview of how we may shed more light on the molecular mechanisms of CSI in Kv channels. In the first study, Claydon and coworkers (Claydon et al. 2007 (Claydon et al. , 2008 employed an elegant combination of traditional electrophysiology and A, there is a significant energetic coupling ( = coupling coefficient) between residues S322 in the S4S5 linker and V404 in the S6 segment. B, there is also a similarly significant coupling between E323 and V404. Note that in such experiments the S6 residue S407 showed little or no coupling to the S4S5 linker residues examined. C, molecular model of the spatial relationships between the S4S5 linker and the distal portion of the S6 segment in Kv4.2 channels. Note a possible direct crosstalk between Glu 323 (E323) and Val 404 (V404). C Barghaan & Bähring, 2009 . Originally published in The Journal of General Physiology -doi:10.1085 voltage-clamp fluorimetry to directly suggest CSI in Shaker Kv channels. Essentially, acidic pH promotes rearrangements in the outer mouth of the selectivity filter, which are typically associated with P/C-type inactivation. These conformational changes were inferred by observing the fluorescence changes reported by flourophores carefully placed on the extracellular S3-S4 loop and an external pore site. Thus, the authors confirmed the effect of acidic pH on P/C-type inactivation and examined channel availability under conditions that uncouple pore opening from voltage-dependent activation to unveil CSI more directly. A parsimonious interpretation of the results and additional diagnostic testing strongly suggest that the P/C-type mechanism is responsible for both OSI and CSI, which are known to co-exist in Kv1.5 channels (Kurata et al. 2005) . In the second study, Schmidt et al. (2009) opened opportunities to study the structural basis of CSI in Kv channels. They discovered that the bacterial KvAP channel, which has a known crystal structure (Lee et al. 2005) , may also inactivate from a partially activated pre-open closed state, and the authors considered a mechanism of dynamic coupling analogous to desensitization in glutamate receptors (Sun et al. 2002) , as proposed earlier in this review and previous studies (Shin et al. 2004; Dougherty et al. 2008; Kaulin et al. 2008; Barghaan & Bähring, 2009) . It is especially interesting that the recovery from inactivation in KvAP channels is sensitive to lipid composition and that the voltage sensor toxin VSTx1, which directly binds to the VSD, favours the inactivated state of the channel. Thus, the proposed role of the voltage sensor in Kv4 channel CSI ) is plausible. Dougherty et al. 2008) . The pulse protocol displayed below the current trace evoked the gating current (I g ) by stepping the voltage to the reversal potential (E r ) of the ionic current, and the ionic Cs + current (I Cs ) is subsequently observed by applying a large inward driving force (repolarization to −105 mV). In this experiment, V PP = −145 mV, a voltage insufficient to induce inactivation. Under these conditions, inactivation of gating and ionic currents is probed simultaneously by varying the duration and voltage of a conditioning prepulse (V PP ) preceding the test pulse to the E r . B, the gating charge (Q = I g ) and I Cs against the duration of V PP at −75 mV. Note, that the slow processes follow virtually identical trajectories; however, Q kinetics are biphasic (double exponential fit, continuous red line), indicating fast Q movement associated with voltage-dependent activation and a slow apparent Q-loss directly associated with inactivation. C, simulated gating current (top) evoked by a step depolarization from −150 to −75 mV and the corresponding Q kinetics (bottom). The shaded area under the gating current trace (i.e. integral, see above) is the corresponding Q. This simulation assumed a modified Zagotta-Hoshi-Aldrich model (Zagotta et al. 1994) as reported by Dougherty et al. (2008) . The traces clearly show the fast observable component reflecting voltage-dependent activation (Q-on), and the slow undetectable component (Q-loss) reflecting apparent Q-immobilization precisely correlated with slow inactivation. Panels B and C are also adapted from Dougherty et al. (2008) . C Dougherty et al. 2008 . Originally published in The Journal of General Physiology -doi:10.1085/jgp.200709938. Voltage sensor inactivation in Kv channels. The cross-talk between the VSD and PD, which is essential for channel activation, is also central to our working hypothesis of CSI (Fig. 5) . The VSD communicates with two distinct gates in the PD: the P-gate (pore-gate) in the selectivity filter and the A-gate (activation gate) involving the S6 bundle crossing. There is ample evidence for interactions between the voltage sensor and these gates (Loots & Isacoff, 2000; Elinder et al. 2001; Lu et al. 2002; Lainé et al. 2003; Webster et al. 2004; Soler-Llavina et al. 2006; Barghaan & Bähring, 2009 ). In addition, it is well established that the voltage sensor of Kv channels undergoes significant movement in response to changes in the transmembrane voltage (Horn, 2002; Ruta et al. 2005; Tombola et al. 2005; Bezanilla, 2008; Swartz, 2008; Caterall, 2010) ; and other studies have shown that the voltage sensor of Kv channels may experience distinct energy landscapes as it first undergoes rapid activation and subsequently finds its most stable conformation upon a prolonged depolarization (Olcese et al. 1997; Dougherty et al. 2008) . At depolarized membrane potentials, the voltage sensor may adopt at least two distinct sets of conformations. First, it moves quickly and strives to 'shake hands' with the A-gate to open it. Then, if a depolarization is sustained, the voltage sensor slowly drifts toward its most stable conformation. As a result, it may encounter favourable strong interactions with the P-gate and may stabilize it in its non-conducting conformation (Loots & Isacoff, 2000; Elinder et al. 2001) . This mechanism would correspond to P/C-type inactivation, which may eventually lead either to a closed-inactivated or an open-inactivated state (Fig. 6A) . C-type inactivation may, however, involve interruption of the permeation pathway at other locations (e.g. the A-gate). Let's consider another scenario in which the voltage sensor interacts poorly with the P-gate. In this case, the P-gate may still undergo rearrangements; however, the lack of a strong interaction with the voltage sensor prevents stabilization of a non-conducting selectivity filter (i.e. P-type inactivation is effectively absent). Moreover, the dynamic interaction between VSD and PD at the A-gate may not be equal in strength and stability among Kv channels. Thus, as the voltage sensor starts to move and reaches for the A-gate, the 'hand shake' may fail or be short-lived as a result of a 'slippery' A-gate. This corresponds to a different CSI mechanism where the voltage sensor experiences a distinct energy landscape and fails to establish strong stable interactions with both the A-gate and the P-gate (Fig. 6B) . Kv4 channels and possibly other VGCCs exhibiting prominent U-type features of inactivation may utilize this mechanism.
From the scenarios discussed above, it is conceivable that the voltage sensor is actively behind the installation of CSI in Kv channels and other VGCCs. In contrast, the A-gate is only passively involved in CSI and simply remains closed. Another recent study clearly demonstrates that S4 voltage sensors intrinsically adopt a 'relaxed' conformation in response to prolonged depolarization, which may be related to slow inactivation in VGCCs (Villalba-Galea et al. 2008) . Voltage sensor inactivation thus refers to the transition of the voltage sensors from a conformation that supports pore opening and ion conduction to a 'relaxed' conformation that, under wild-type conditions, cannot support pore opening. Certain Kv channel mutations can dissociate this 'relaxed' Dougherty et al. (2008) and Barghaan & Bähring (2009) (Figs 3 and  4) . The simplified cartoons illustrating the significant states depict the relevant segments of two opposing channel subunits in the tetramer. Positively charged S4 voltage sensors are coloured grey; the S4S5 linkers are coloured green; and the S6 segments (bent at the PVPV motif) are coloured blue. Note that channel opening depends on maintaining physical contact between the S4S5 linkers and the distal portion of the S6 segments (post PVP). This contact is broken when the S4 segments slowly adopt an alternate 'relaxed' conformation. Consequently, the channel fails to open and becomes inactivated. Additional details can be found in the text. voltage sensor conformation from inactivation (Olcese et al. 2001; Piper et al. 2003) ; however, voltage sensor inactivation under native conditions may drive 'slow' inactivation exhibiting two distinct manifestations (Fig. 6) . This is consistent with the tight correlation between slow gating charge immobilization and slow inactivation of the ionic currents in both ShakerB and Kv4 channels (Olcese et al. 1997; Dougherty et al. 2008) (Fig. 4A) , even though the former undergo P/C-type inactivation but the latter do not. We propose a more general mechanistic framework: upon experiencing a prolonged depolarization, voltage sensors in VGCCs are prone to enter a stable state that may not be optimally poised to support pore opening. Whether a particular form Figure 6 . Conceptual cartoon representations of plausible general mechanisms of non-N-type inactivation gating in Kv channels A, P/C-type mechanism of CSI and OSI. B, putative mechanism of CSI. Labelling and representations are as explained in Fig. 2 . The voltage sensors play a central role in these mechanisms. Note that the P/C-type mechanism occurs when the channel's selectivity filter 'collapses' and this conformation is directly stabilized by the voltage sensors as they adopt a 'relaxed' conformation. Alternatively, the voltage sensors adopt a similar 'relaxed' conformation but the pore does not 'collapse' because there is no stable interaction between the voltage sensors and the selectivity filter. Instead, inactivation results when the voltage sensors and the activation gate 'disengage' as a result of a weak interaction (Fig. 2B) . This mechanism can thus be seen as a 'failure to open' (Fig. 5) .
of inactivation is prevalent in a VGCC (Fig. 5) , or whether multiple mechanisms overlap or even compete, depends on the stability of the interactions between the voltage sensor and the two gates in the PD. From an evolutionary perspective, this is an economical solution where relatively small structural variations can provide diverse pathways of autoregulation in VGCCs. Further investigations are, however, necessary to determine whether the proposed interactions truly involve direct or indirect physical coupling between voltage sensors and gates. Moreover, it is also necessary to show that the A-gate is actually closed when VGCCs reside in the closed-inactivated state.
Physiological and evolutionary implications. The impact of CSI in excitable tissues is widespread and more than one specific mechanism may underlie this important functional trait. Kv4 channels are particularly relevant in this regard because they undergo preferential CSI at all relevant voltages and play vital roles in the heart and the nervous system (Johnston et al. 2003; Jerng et al. 2004; Nerbonne & Kass, 2005; Patel & Campbell, 2005; . In the heart, Kv4.2 and Kv4.3 channels contribute significantly to the transient outward K + current I to (Dixon et al. 1996; Guo et al. 1999) , which causes an early notch in the repolarization trajectory of the cardiac action potential. In the soma and dendrites of central neurons, Kv4.2 and Kv4.3 channels underlie the subthreshold-operating A-type K + current I SA (Serodio et al. 1994; Malin & Nerbonne, 2000) , which regulates excitability in diverse ways. Acting as shock absorbers and gate keepers, neuronal Kv4 channels in dendrites regulate backpropagating action potentials (Hoffman et al. 1997 ) and the propagation of plateau potentials at branching points (Cai et al. 2004) . These activities impact synaptic plasticity by influencing synaptic scaling and coincidence detection, and are critically dependent on the keen sensitivity of Kv4 channels to subthreshold membrane potential changes induced by synaptic transmission (Schoppa & Westbrook, 1999; Ramakers & Storm, 2002; Chen et al. 2006; Hu et al. 2006; Andrásfalvy et al. 2008) . Furthermore, by influencing the subthreshold dynamics of the membrane potential, neuronal Kv4 channels act as brakes that regulate the latency to the first spike and the interspike interval during slow repetitive spiking (Song et al. 1998; Shibata et al. 2000; Liss et al. 2001) . Separately, and similar to cardiac I to , neuronal Kv4 channels may also regulate the repolarization of the action potential (Kim et al. 2005) .
What common aspects of these physiological activities may explain the evolution of preferential CSI in Kv4 channels? Possibly, the need for an energetically efficient self-regulatory mechanism in increasingly complex excitable tissues was the selective force that favoured preferential CSI in Kv4 channels. If inactivation and recovery from inactivation are not associated with passive ion flux across the membrane, regulation of excitability can occur without dissipating the ion gradients actively maintained by the Na + /K + pump. Moreover, small changes in membrane potential (low energetic cost) are sufficient to trigger preferential CSI; leaving most of the membrane potential energy to generate the action potential. The intrinsic ability of all S4 voltage sensors to slowly adopt a low energy 'relaxed' conformation upon modest depolarization (see above) may have primed the evolution of energy efficient preferential CSI. It is then conceivable that relatively minor variations in the interactions between VSD and PD (resulting from mutations) led to the implementation of preferential CSI as proposed above. In coming years, we shall see further investigations of this hypothesis at the biophysical and structural levels and the mechanisms underlying the regulation of CSI in Kv channels by auxiliary β-subunits and post-translational modifications Xie et al. 2009 ).
